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Thermal Diffusivity and Ultrasonic Velocity of 
Saturated R125 

K. Kraft I and A. Leipertz  | 

Recei~'ed Octoher 22. 1993 

We report-- to  the best of our knowledge--the first data for the thermal 
diffusivity and ultrasonic velocity of both phases of saturated R125 in the 
temperature range from 20 C to the critical point. The data were obtained in 
thermodynamic equilibrium by applying dynamic light scattering. 
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I. I NTR ODUC TION 

Since the utilization of the currently used full haloginated refrigerants was 
restricted in the Montreal Protocol of 1987, there is an urgent need for 
thermophysical properties of the most promising alternatives, which are 
the chlorine-free, haloginated carbon hydrogenes. R125 is a prospective 
substitute for R502 in commercial refrigeration and cold storage and for 
R22 in industrial refrigeration. Today no data for thermal conductivity or 
diffusivity and sound velocity are available for this refrigerant I-!]. 

Dynamic light scattering allows the determination of both properties. 
As no macroscopic gradients are induced in the sample, measurements can 
be performed on the saturation line and in the critical region. We have 
measured both properties in the temperature range from 20':C to the criti- 
cal temperature. As no other data sets are available, only data consistency 
can be used to check the accuracy of the method. 
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2. METHOD 

Dynamic light scattering is a well-established method for the deter- 
mination of the thermal diffusivity of pure liquids and liquid mixtures 
[2--5-]. In recent years the determination of the sound velocity has been 
established by using this method in the heterodyne mode [6-10,]. 

The principle of the method is the detection of the power spectral 
density of the scattered light induced by a laser beam passing through the 
sample (Fig. 1 ). For a pure fluid, the width of the central unshifted Rayleigh 
line, which is caused by stochastic entropy fluctuations, is proportional to 
the thermal diffusivity. The frequency shift of the Brillouin lines, which are 
generated by microscopic pressure fluctuations (phonons), with respect to 
the Rayleigh line is proportional to the sound velocity and their widths to 
the sound attenuation constant [ 11 -]. All values depend on the modulus of 
the scattering vector q 

4nn sin O~ (1) 
q =  20 2 

where 0 s in the scattering angle, 2o the wavelength of the laser in vacuum, 
and n the refractive index of the sample. 

Because the width of the central Rayleigh line is too narrow to be 
measured in the frequency domain with reasonable accuracy, correlation 
techniques measuring in the time domain are to be preferred. Here the 
Fourier transform of the spectrum is observed, showing exponential decay- 
ing functions for each line. Each decay time is inversely proportional to the 
line width of the corresponding line in the frequency domain. 
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Fig. 1, Power spectral density of a pure fluid. 
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Figure 2 shows the experimental setup, which is similar to that 
described in some detail in Refs. 6-9. The sample fluid is put into a thermo- 
stated pressure vessel. The temperature is measured by means of a PTI00 
probe with a resolution of 0.01 K and an inaccuracy of +0.05 K. The tem- 
perature stability of the thermostat is better than 0.02 K over the time 
period of a single measurement. As all measurements are performed in the 
two-phase region, no pressure measurement is necessary. An argon ion 
laser working at 2 = 488.0 nm in the sigle mode with a typical laser power 
of 250 mW is irradiated into the sample. In the critical region the power 
is reduced to 20 mW to avoid induced convention (see Section 4.1). The 
scattered light intensities are detected by two photomultiplier tubes (PMT). 
Two cross-correlation functions are computed by two correlators in 
parallel, offering the possibility of measuring at the same time in two dif- 
ferent time scales, a helpful tool in investigating long-time distortions of the 
Rayleigh signal. Evaluating the cross-correlation function of the independ- 
ent signals from two PMTs allows the suppression of dead time effects and 
of afterpulses of the PMTs in the measured correlogram. This is the only 
way to avoid influences in the Brillouin signal from the fast pressure 
fluctuations in the fluid. 

The measured correlation function in general consists of several terms: 

g(r ) = (IRo + ~/R "~ 2I~ )2 + I R exp( - 2r/rCR ) + 21RO I R exp( - r / rcR ) 

+ 2I~ exp( - 2r/roB) (2) 

Here rcR and rob are the decay times of the Rayleigh and Briilouin signal, 
respectively, with intensities IR and I B, while IRO is the intensity of the 
coherent background caused by reflections on the window surfaces of the 
pressure vessel, which are hard to avoid. 
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Fig. 2. Experimental setup. 
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An accurate analysis of the decay times containing information about 
the thermal diffusivity is almost impossible in this way. Also, the frequency 
shift of the Brillouin lines containing information on the sound velocity is 
not detectable. Adding a frequency-adapted background to the scattered 
light (heterodyne method) by employing a second beam path (Fig. 2) leads 
to the following forms of the convoluted correlation function, depending on 
the frequency of the reference beam. 

2.1. Heterodyne Rayleigh Measurements 

For determination of the thermal diffusivity the decay time of the 
central Rayleigh line must be measured. Adding a coherent unshifted back- 
ground of sufficient intensity to the scattered light, the cross-correlation 
function can be written [12] 

g ( r  ) = (IRO + I ,  + 21~ )2 + 21Ro la exp( - r/r~R ) ( 3 ) 

which is a single exponential with a constant background: 

g( r )  = C +  A e x p ( -  "t'/'CcR ) (4) 

AS an example, Fig. 3 shows an observed correlation function measured in 
this way. 

Determination of the decay time rcR gives the thermal diffusivity 
according to 
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Fig. 3. Heterodyne Rayleigh measurement. 
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A newly developed multifit procedure 1-13] allows the exclusion of most 
systematic errors and leads to an accurate determination of r,. 

For determination of the thermal diffusivity the modulus of the 
scattering vector q must be evaluated. For this, the index of refraction n 
must be known; see Eq. ( 1 ). Applying the law of refraction to the problem, 
however, the scattering angle 6) s in Eq. (1) can be substituted by the 
incident angle at the entrance window Oc, leading to [8]  

2rt sin Or (6) 
q = 20. cos[½ arcsin(sin Odn)]  

Here 0~ is the angle between the incident laser beam and the direction of 
observation measured by means of autocollimation with an error of less 
than 0.02L Applying small angles ( O , < 7  °) the cos term containing the 
index of refraction can be neglected, introducing an error of less than 0.2 %. 

2.2. Heterodyne Brillouin Measurements  

The sound velocity is related to the frequency difference between the 
Rayleigh and the Brillouin lines: 

~ro = c~q (7) 

Here v =,dm/27r is the frequency of the sound waves detected. This value 
can be influenced by the angle of detection. Traditional methods observing 
the frequency shift of the Brillouin lines in a frequency-resolving way use 
angles of 90 °, leading to frequencies in the GHz region. Here strong disper- 
sion may occur. In dynamic light scattering, angles of 2 to 7 ° are applied, 
leading to measurement frequencies according to Fig. 4. 
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Fig. 4. Achievable sound frequencies in heterodyne 
Brillouin measurements. 
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To detect the frequency shift of the Brillouin lines by measuring in the 
time domain, a frequency-adapted background of sufficient intensity must 
be superimposed on the signal. This can be done using an optoacoustic 
modulator as shown in Fig. 2. 

Small frequency shifts are necessary to measure sound velocities near 
the critical point. These can be realized by using two modulators in a line 
driven with different shift frequencies. If the frequency difference between 
one Brillouin line and the background is not too high (in general, 
< 2  MHz),  the cross-correlation function can be written 

g(r)=(IRo+la+21B+IBo)~-+21Holnexp(--r/r~B)cos(2ndvr) (8) 

which is a damped oscillation with a constant background: 

g(r) = C +  A exp( - r/r~B) cos(2n zh,r) (9) 

1 1 

1 . 3 7 5 E + 0 6 -  

c 
o 

1 3 7 4 E + O 6 -  
tD 
>~ 

:~ 1 . 3 7 3 E + 0 6  

S.~ . lo  'n.~® e , r= to0  ~ l  

° ,  Oeloy t 3~,i 
Oecoy  n~6 %-o 74/~J 

(a) 

° .  o "  

, . ' .  . ~ o  • .~. • . . o .  . 

• % ° - • • , ~  , , o  ,b 

z * " " " * 

1 . 3 7 2 E + 0 (  
2'0 4'0 6'0 8'(3 1 O0 120 

C o r r e l a t o r  C h a n n e l  N u m b e r  

"E  
:D 

t:E 

1 . 2 -  

1 .0 .  

0.8. 

0 . 6 .  

0 . 4  

0 .2 -  

0 . 0  
5 O 0  

u -842kHz  

• • - = • i • , - , • 

6 0 0  7 0 0  8 0 0  9 0 0  1 0 0 0  1 1 O0  1 2 0 0  

v ,  kHz  

Fig. 5. (a) Heterodyne Brillouin correlogram measured with a 
mistuned background: (b) Fourier transform of the heterodyne 
Brillouin correlogram. 



Thermal Diffusivity and Sound Velocity of RI25 393 

Here Av is the frequency difference (mistuning) between the Brillouin com- 
ponent and the shifted background, which can be detected accurately by a 
Fourier transformation of the correlogram [14]. As an example, Fig. 5 
shows the result of a measurement performed in this way and the corre- 
sponding Fourier transform. 

With the frequency shift of the background v and the mistuning Av, 
the sound velocity can be calculated to be either 

c~ = 2n(v + Av)/q (10) 

o r  

c~= 2 n ( v - A v ) / q  (11) 

The correct value can be found by performing a second measurement with 
another angle or another frequency. 

The procedure described implies a rough knowledge of c~, when 
requiring a mistuning of less than about 2 MHz at the starting point. If no 
value for the sound velocity is known, the best thing to do is to estimate 
any value and to start with a trial-and-error-procedure with a systematic 
variation of the frequency or the angle in such a way that, from step to 
step, the frequency difference is about I MHz. In this way, a first measure- 
ment can be found displaying a significant peak in the first correlator 
channels. This indicates that one is near the correct Brillouin shift. With 
an exact value of the sound velocity for one temperature, the next value 
for the next temperature may be estimated sufficiently by taking into 
account (?cs/?T) ~, - I  ... - 10 ms ~ -K ~, depending on the sample under 
investigation. 

3. RESULTS 

3.1. Thermal Diffusivity 

All measurements were performed applying the heterodyne method 
described above. Applying our new method of data evaluation (see Sec- 
tion 4.1.2), each correlogram was found to be free of systematic errors in 
the long time scale excluding errors due to mechanical vibrations, laser 
instabilities, or chemical impurities. 

The measured data for the thermal diffusivity are given in Table I and 
displayed in Fig. 6. 
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Table I. Thermal Diffusivity of Boiling R125 

Temperature ( C )  a 110-" m-" .s ~) 

(a) Liquid 

19.00 3.51 
29.86 3.594 
30.36 3.329 
35.34 3.054 
40.39 2.954 
50.40 2.471 
60.39 1.537 
62.38 1.187 
63.37 0.991 
64.09 0.81 
64.38 0.729 
64.69 0.631 

(b) Vapor 

33.36 10.98 
38.00 8.94 
43.42 7.95 
48.41 6.02 
53.44 4.40 
58.44 2.916 
63.53 I.I 14 
64.51 0.722 
65.04 0.530 
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Fig. 6. Thermal diffusivity of saturated R125. 
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3.2. Sound Velocity 

The values for the sound velocity are given in Table II and shown in 
Fig. 7. The corresponding frequencies may roughly be taken from Fig. 4. In 
no case was a significant dispersion (>0 .5%)  found when the applied 
frequency was varied. 

4. DISCUSSION 

4.1. Thermal Diffusivity 

In measuring the thermal diffusivity four possible main error sources 
can be identified: (1) angle measurement, (2) determination of the decay 
time, (3) insufficient determination of the background contribution, and 
(4) temperature measurement. 

Table II. Sound Velocity of Boiling R125 

Temperature ( C )  c, (m .s i) 

(a) Liquid 

19.96 354.02 
30.38 300.80 
35.34 275.45 
40.39 249.32 
50.39 192.32 
60.38 125.67 
62.38 110.54 
63.38 102.02 
64.10 94.57 
64.38 92.62 
64.70 89.62 
64.99 86.88 
65.19 84.75 

(b) Vapor 

33.37 112.34 
38.40 105.16 
43.40 109.68 
48.41 101.32 
53.41 96.84 
58.44 92.00 
63.51 84.51 
64.52 82.25 
65.02 80.64 
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4.1.1. Angle Measurement 

The angle is measured with an inaccuracy of less than +0.02 ° . With 
an assumed average measurement angle of 4 °, this gives a relative error of 
about 1%. Performing multiple measurements at different angles, this error 
partly averages out. 

4.1.2. Determh)ation of the Decay Time 

The decay time may be calculated using a linearization method or a 
non-linear fit algorithm. The accuracy achieved depends mainly on two fac- 
tors, the absence of systematic errors and the degree of noise. Systematic 
errors can occur in the first channels as short-time distortions or in the last 
channels as long-time errors. Short-time effects arise mostly from photo- 
multiplier artifacts and can be suppressed completely by the calculation of 
the cross-correlation function with two PMTs. A short-time contribution 
from the Brillouin signal in general cannot be observed when measured 
with the heterodyne method. 

To avoid long-time effects, mechanical vibrations, chemical impurities, 
laser instabilities, and laser-induced flow fields must be avoided very care- 
fully. Therefore, the experimental setup is placed on a pneumatic support 
system providing a high stability. 

Chemical impurities lead to microscopic concentration fluctuations 
causing an additional exponential decaying function in the measured 
correlogram with a decay time governed by the diffusion coefficient. This 
decay time is, in general, one order of magnitude longer than that of the 
thermal diffusivity [15]. 
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Fig. 7. Sound velocity of saturated R125. 
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Chemical impurities were removed from the sample to a high degree 
by refining the refrigerant before filling it into the pressure vessel using a 
rectification and adsorption process. Analysis of a R152a sample treated in 
this way indicated a purity of better than 99.99 %. We estimate the purity 
of the R125 sample to reach the same level. 

Besides mechanical vibrations and chemical impurities, laser-induced 
flow fields can also cause a long-time decay in the measured correlogram. 
In particular, in the critical region the laser intensity must not be too high. 
In all measurements the laser power was adjusted such that no change in 
the decay time as function of the laser intensity was observable. In the 
critical region, only a few milliwatts was irradiated. Higher laser intensities 
caused a significant long-time decay in the measurements and prevented 
accurate determination of the thermal diffusivity. 

Because the measured fluctuations are of a stochastic nature, a finite 
noise on the correlogram cannot be avoided. For the best results, the decay- 
time average from several measurements must be used for the evaluation 
procedure. 

Far away from the critical point the Rayleigh signal vanishes for both 
phases. The vapor-phase signal is in general lower than that of the liquid 
phase. Here the noise increases rapidly and thus the thermal diffusivity 
becomes more inaccurate. 

The thermal diffusivity values listed in Table I represent the average of 
all performed measurements. 

4.1.3. blsl~ficient Determination of the Background Contribution 

Assuming a single-exponential decaying function, when starting the fit 
procedure, implies that the background contribution is much larger than 
the signal (IRo/IR > 200). If this is not true, two exponentially decaying 
functions are superimposed, yielding a factor of two in the decay times 
[12]. To ensure that the background contribution is sufficiently high, the 
contrast A/C according to Eq. (4) must be less than 0.03. Furthermore, no 
systematics should be recognizable in a deviation plot between measure- 
ment and calculated correlogram and the variation of the fit interval used 
in the evaluation procedure must not influence significantly the result of 
the decay time obtained. All these steps were performed carefully in the 
measurements presented here. 

4.1.4. Temperature Measurement 

The overall error of the thermal diffusivity depends also on the value 
of Oa/aT. For a given temperature error the uncertainty of the thermal 
diffusivity diverges close to the critical point, due to the very low values of 
the thermal diffusivity compared to the high values of Oa/OT. 
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Taking into account all possible error sources explained, we estimate 
the inaccuracy of the thermal diffusivity measurements for a single tem- 
perature point to be within + 3 %  in the liquid phase and in the vapor 
phase. The inaccuracy will increase close to the critical point and for the 
vapor phase for temperatures below 40°C. 

4.2. Sound Velocity 

The frequency of the damped oscillation containing the information on 
the sound velocity can be detected very sensitively by Fourier transforma- 
tion. Here long-time signals usually cause only minor errors and can be 
suppressed to a high degree using a strong coherent background signal 
[14]. 

The residual error of the evaluation procedure and of the angle 
measurement can be estimated from the scatter of the results of several 
measurements at one temperature. Here an error of approximately + 0.5 % 
has been found for most temperatures. Only near the critical point, where 
the Brillouin signal vanishes, does the accuracy decrease. The overall error 
for the sound velocity can be estimated by adding the inacuracy of the 
temperature measurement. 
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